The proliferin (PLF) gene promoter provides a relatively simple model system for the study of growthregulated gene expression in mouse cells. The promoter elements required for this serum-induced regulation have been identified and include an AP-1 site as well as an adjacent element comprised of three imperfect repeats that are similar in sequence to the simian virus 40 (SV40) Sph motif. Distinct protein complexes bound independently to the AP-1 and Sph elements, and both of these juxtaposed sites could be occupied simultaneously. Furthermore, serum stimulation of mouse fibroblasts resulted in similar increases in protein binding to the AP-1 and Sph elements. Consistent with this increase in AP-1 and Sph binding activity, the PLF AP-1 and Sph elements were independently able to confer serum responsiveness to a minimal promoter, and together these two elements acted synergistically in response to serum. Although several members of the AP-1 family were able to activate the PLF gene promoter in transient cotransfection experiments, the predominant AP-1 components interacting with the PLF gene promoter in serum-stimulated cells were Fra-1, JunB, and JunD. Analysis of the Sph element revealed that mutation of Sph repeats I or III abolished serum responsiveness of the PLF gene promoter, and mutation of Sph repeat Ill decreased protein binding to this element. Although the Sph element is similar in sequence to the SV40 element, the PLF Sph-binding factor is distinct from TEF-1, the factor that binds to the SV40 Sph motif.
Serum stimulation of quiescent mouse fibroblasts activates a program of gene expression resulting in reentry into the cell cycle at G1 and leading to DNA synthesis. This system has been used as a paradigm for studying the genetic response to growth factors. Serum-induced genes have been classified on the basis of their temporal expression pattern following induction (11, 27, 41) . The immediate early genes are induced rapidly and transiently in the absence of new protein synthesis. These primary response genes include those encoding a number of transcription factors (27) , notably members of the c-Fos (8, 16, 38, 51) and c-Jun (20, 25, (42) (43) (44) families, which bind to AP-1 sites as Fos/Jun and Jun/Jun dimers to modulate transcription (6, 18, 36, 40, 46) . The delayed early genes are activated later in GI, just prior to DNA synthesis, and include enzymes of nucleotide metabolism as well as a number of secreted proteins, potential cytokines, and transcription factors (26, 27) . Delayed early gene expression requires new protein synthesis, and these genes are thus potential targets for .regulation by immediate early transcription factors (27) ; indeed, AP-1 sites have been found in a number of delayed early gene promoters and have been shown to be involved in transcriptional activation (5, 13, 17, 35, 37) . The study of serum-induced delayed early genes thus provides insights into the mechanisms by which growth factors induce sequential changes in gene expression.
Proliferin (PLF) was cloned by differential screening of a cDNA library from mouse 3T3 fibroblasts which had been serum stimulated for 12 h (30) . The gene encodes a protein, also known as mitogen-regulated protein (39) , that is a member of the prolactin/growth hormone family (31) . In the mouse, PLF is expressed in giant trophoblasts of the placenta, reaching peak levels at day 10 of gestation and declining thereafter (28) . In immortalized mouse fibroblast cell lines, the PLF gene is a delayed early gene whose expression is activated by serum (32) (35) . A cloned PLF gene promoter displays these modes of regulation when transfected into mouse L fibroblasts (29, 35) . The PLF gene promoter thus provides a useful model for investigating growth-regulated delayed early gene expression.
The PLF gene promoter sequences involved in serum and phorbol ester response have been localized to a region of 28 bp (35) which includes an AP-1 site and an element immediately downstream that is similar in sequence to the simian virus 40 (SV40) Sph element (19, 50) . Mutation of either the AP-1 site or the Sph element abolished serum responsiveness of the PLF promoter (35) . Transfer of the PLF AP-1 site upstream of a minimal promoter was sufficient to confer serum responsiveness, but transfer of the entire 28-bp serum response region resulted in increased basal and serum-induced levels of expression, suggesting that the AP-1 and Sph elements act in concert to activate PLF gene expression (35) . To [9] ), based on the SV40 GTIIC motif and representing a high-affinity binding site for the transcription factor TEF-1, are also shown in Fig. 1 .
Plasmid constructions. Plasmid PLF-CAT, which contains the chloramphenicol acetyltransferase (CAT) gene under the control of the PLF gene promoter (from -670 to +61), has been described previously (29) , as have the linker-scanner mutations in the AP-1 and Sph elements (35 changes. Altered promoters were sequenced to ensure that no other mutations had occurred and then inserted into the pUC-CAT vector (29) .
For constructs in which PLF gene promoter elements were linked to a minimal promoter, double-stranded oligonucleotides corresponding to the PLF AP-1, PLF Sph, or PLF AP-1/Sph region were inserted upstream of the herpes simplex virus thymidine kinase (TK) TATA box linked to the CAT gene (TK-TATA-CAT) (35) . The pXJ40 cytomegalovirus promoter/enhancer vector and the pXJ40-TEF-1 expression construct for the transcription factor TEF-1 (48) 
RESULTS
The PLF serum response region. We had previously shown that mutation of either the AP-1 site or the Sph element abolished the serum responsiveness of a transiently transfected PLF gene promoter construct (35) . One way in which the Sph element might contribute to serum responsiveness of the promoter is if it enhanced binding of AP-1 to the adjacent site. To investigate this possibility, we examined the binding of proteins present in mouse L-cell extracts to the wild-type or mutated serum response region ( Fig. 2A) . Two distinct protein complexes formed on a double-stranded oligonucleotide encompassing the AP-1 and Sph elements (AS), and addition of excess unlabeled AS oligonucleotide reduced the amount of both of these complexes. In contrast, excess AP-1 oligonucleotide reduced the amount of the faster-mobility complex without affecting the slower-mobility complex, whereas the Sph oligonucleotide competed for the slower-but not the fastermobility complex. Thus, distinct proteins bind independently to the AP-1/Sph region, forming a faster-mobility complex specific for the AP-1 site and a slower-mobility complex specific for the Sph element. Consistent with this assignment is the observation that the slower-mobility complex comigrated with a protein-DNA complex formed with the Sph element alone [ Fig Since PLF gene promoter function depends on the AP-1 and the Sph site, both elements would be predicted to be occupied in cells expressing PLF. Examination of cell extracts containing the highest protein concentrations revealed a third, larger complex bound to the AS probe (Fig. 2B ). This complex was competed for by either the AP-1 or the Sph oligonucleotide and was disrupted by an antiserum against Fos proteins (but not normal rabbit serum), suggesting that both the AP-1 and Sph factors were bound. Thus, both the AP-1 and Sph elements can be occupied simultaneously, but the factors bind independently.
To determine if serum regulates the amount of AP-1 and Sph element binding activity, protein binding to these elements The gel shift assay was repeated with a whole cell extract of twofold higher-concentration than in (A). Protein-DNA complexes were formed on the AP-1 site or the was monitered at time points following serum stimulation of mouse L-cell cultures. Binding to the AP-1 and Sph elements could be detected in serum-starved cell extracts, but an increase in binding to each of these sites was seen between 1 and 3 h after serum stimulation (Fig. 3) . In contrast, a similar increase in binding activity was not detected in reactions with a CCAAT box oligonucleotide as the probe (data not shown). The elevated level of binding to each element was maintained through at least 12 h following serum addition. The 3-and 12-h time points correspond to the time of initial detection and maximal expression, respectively, of PLF mRNA following serum stimulation of mouse fibroblasts (30, 32) .
AP-1 activation of the PLF promoter. Since individual AP-1 family members have specific temporal expression patterns following serum induction (23) , the components of the PLF AP-1 complex might change during cell cycle progression. To determine the composition of the PLF AP-1 complex, extracts were prepared from mouse L cells 3 or 12 h after serum induction and used in binding reactions supplemented with a specific antibody against c-Fos, FosB, Fra-1, Fra-2, c-Jun, JunB, or JunD. In both the 3-and 12-h extracts, Fra-I appeared to be the major member of the Fos family binding to this element; the anti-Fra-I antibody reduced the formation of the specific AP-1 complex by approximately 50% (Fig. 4) . In the Jun family, JunB and JunD were the primary binding proteins, as judged by the reduction in the AP-1 protein-DNA complex and the appearance of supershifted complexes in reactions treated with antibodies against these two proteins (Fig. 4) . Antibodies against the other Fos or Jun family members did not reduce binding or reduced binding only slightly (Fig. 4) , even though they did have significant effects on DNA binding in control extracts containing greater amounts of the corresponding proteins (data not shown). Also, increasing the amount of any of the antibodies relative to the amount of extract in the binding reaction did not significantly reduce binding further. Thus, c-Fos, FosB, Fra-2, and c-Jun appear to be at most minor components of the complex formed on the PLF AP-1 site with proteins present in 3-or 12-h serumstimulated mouse L-cell extracts.
Each of the Jun and Fos family members was also analyzed in terms of its ability to stimulate transcription from the PLF gene promoter. Expression constructs for the various Jun or Fos proteins were cotransfected with PLF-CAT into L cells under low-serum conditions. c-Jun, JunB, and FosB each stimulated PLF promoter activity to a level similar to that induced by serum (approximately sixfold); c-Fos and Fra-I also increased expression, although not as well, and JunD and Fra-2 had no significant effect (Fig. 5) Mutational analysis of the PLF Sph element. AP-1 elements have been characterized in a number of genes. In contrast, the PLF Sph element, although similar in sequence to the SV40 Sph element, may represent a distinct and novel element. Therefore, to characterize the PLF Sph element, specific mutations were introduced into each of the three imperfect repeats (Fig. 6A) , and these mutant constructs were tested for activity in response to serum (Fig. 6B) (Fig. 2A) . Thus, this mutation appears to abolish PLF gene promoter activity by reducing the affinity of the Sph element for regulatory factors. Note that the autoradiogram is overexposed so that the supershifted complexes are visible; on shorter exposures, the reduction in binding caused by the anti-Fra-I antibody is more evident. response element. To address this possibility, the AP-1 and Sph elements were placed upstream of the herpes simplex virus TK TATA box (TK-TATA) directing expression of the CAT gene and tested for activity in the absence and presence of serum (Fig. 7) . As previously shown (35) , the PLF AP-1 site (A-TK) was able to confer a modest (twofold) serum response; addition of the Sph element (AS-TK) resulted in a large increase in both basal and induced levels of expression. The PLF Sph element (S-TK) was also serum responsive, conferring slightly higher basal levels and an approximately threefold induction. The activity of AS-TK in serum-containing medium was greater than the sum of A-TK and S-TK activities, suggesting that the effects of the AP-1 and Sph elements are synergistic rather than additive. Multiple copies of the Sph element placed downstream of the AP-1 site (constructs AS2, AS3, and AS4-TK) did not result in any further increase in uninduced or serum-stimulated transcriptional activity compared with AS-TK. Multiple copies of the Sph element alone (S2, S3, and S4-TK) did result in modestly elevated expression under both low-and high-serum conditions compared with S-TK, but these levels of expression were below those obtained with AS-TK. Thus, additional copies of the Sph element cannot compensate completely for the absence of the AP-1 site.
The PLF Sph-binding factor is distinct from TEF-1. Because of the sequence similarity between the PLF and SV40 Sph motifs, we next examined whether TEF-1, the factor that acts through the SV40 Sph element (9, 48) , also recognizes the Sph element in the PLF gene promoter. Extracts were prepared from mouse L cells transiently transfected with the pXJ40 vector alone or with pXJ40-TEF-1, and gel shift assays were performed (Fig. 8) . No increase in binding to the PLF Sph element could be detected in extracts from TEF-1-transfected cells. In contrast, if a labeled oligonucleotide containing the SV40 enhancer GTIIC motif recognized by TEF-1 (9) was used as probe, a large increase in binding was observed. Competition with excess unlabeled oligonucleotides revealed that these complexes were specific; i.e., binding to the PLF Sph element was competed for by excess PLF Sph but not GTIIC DNA, and binding to the GTIIC oligonucleotide was blocked by excess GTIIC but not PLF Sph DNA. In addition, the complex formed between TEF-1 and the GTIIC DNA migrated more rapidly than the PLF Sph DNA-protein complex.
Furthermore, addition to the binding reaction of an antiserum raised against a TEF-1 peptide (P3 [48] , spanning residues 99 to 111 from human TEF-1, which are identical in TK  A-TK  S-TK  AS-TK  AS2-TK  AS3-TK  AS4-TK  S2-TK  S3-TK  S4-TK   0I I I sequence to the corresponding region of mouse TEF-1 [2] ) resulted in a supershift of the TEF-1 protein bound to the GTIIC DNA but had no effect on the complex bound to the PLF Sph element (Fig. 8) . These results indicate that the factor that binds to the PLF Sph element in this assay is not TEF-1.
DISCUSSION
We have characterized the serum response region of the PLF gene promoter. Two distinct elements within this region are essential for its function: an AP-1 site and the Sph element.
Characterization of the PLF AP-1 site. One of the earliest transcriptional events following serum stimulation of quiescent fibroblasts is an increase in expression of members of the Fos and Jun families of transcription factors; these proteins in turn modulate the expression of genes expressed later in G1. Individual AP-1 family members have specific temporal expression patterns following serum induction of mouse fibroblasts: expression of c-Fos, FosB, c-Jun, and JunB is activated most rapidly (16, 23, 44) , followed by expression of Fra-1 and Fra-2 (8, 24, 38, 41) ; in contrast, JunD is constitutively expressed (20, 42) . This general pattern of expression has also been found in other cell types (1, 3, 14, 22, 34) . Thus, the amounts of the individual Fos and Jun proteins, and therefore the forms of AP-1 dimer, vary as cells progress through the cell cycle (23, 24) .
The PLF gene is expressed in mid-to late GI following serum stimulation of quiescent fibroblasts (30, 32 Since the different AP-1 family members can vary in their effects on transcription depending on the context in which they are found (6, 10, 12, 45) , it is also possible that the degree of synergism between AP-1 and the Sph factor will vary with the form of AP-1 present on the promoter.
AP-1 sites working in concert with adjacent elements have been found in a number of other delayed early gene promoters. In the collagenase promoter, the AP-1 site acts synergistically in response to tetradecanoyl phorbol acetate with another element bound by the transcription factor PEA3 (17), a member of the c-Ets family (49) . As in the PLF gene promoter, this synergy is apparently not due to cooperative protein binding to the two elements. The stromelysin gene promoter also has AP-1 and PEA3 sites, but in this case the PEA3 site appears to be responsible for tetradecanoyl phorbol acetateinduced activity (5) . In T cells, the lymphoid-specific factor NFATp interacts with AP-1 to form a complex on the interleukin-2 gene promoter, and NFATp is required for binding to the DNA (21) ; in activated T cells, the form of AP-1 appears to be JunB/Fra-1 (3), the same form found here in serum-stimulated fibroblasts. The c-Myb promoter has binding sites for both AP-1 and the c-Myb protein (37) . In this system, AP-1 is thought to contribute to the transactivation of c-Myb, which is maintained at the G1/S transition and during S phase by positive autoregulation. Recently, delayed early expression of nur77 was demonstrated, even though nur77 was initially identified as an immediate early gene (47) . The immediate early and delayed early responses of nur77 map to distinct elements, with the delayed activation relying on two AP-1 sites flanking an element that responds to the immediate early gene product Zif268 (7) .
Although AP-1 sites are found in many promoters, their function depends on the context in which they are found. In the PLF gene promoter, the AP-1 site functions in conjunction with the Sph element. Both elements are responsive to serum stimulation, and both are essential for maximal serum responsiveness. This arrangement of adjacent, distinct serum response elements that function synergistically thus appears to be a common motif in delayed early gene promoters.
